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The motion of magnetic domain walls (DWs) in geometrically confined magnetic wires is essential to the performance of information storage 1, 2 and logic 3, 4 devices, where a high and uniform DW velocity is required. DWs can be translated by a magnetic field, a spin-polarized current, or by a combination of the two. Considerable progress has been made in understanding field-driven domain wall motion in narrow magnetic stripes. The DW velocity is non-linear, increasing initially with increasing drive field to reach a value of typically several hundred m/s in NiFe (permalloy, or Py) stripes, but then decreasing abruptly above a critical field threshold. This Walker breakdown is accompanied by periodic transformations of the DW structure between a transverse and a vortex wall by the formation and annihilation of an antivortex core. [5] [6] [7] [8] Various efforts have been made to prevent Walker breakdown. [9] [10] [11] [12] [13] [14] [15] In particular, the use of a comb-like structure was effective in suppressing field-driven Walker breakdown by periodically resetting the structure of the DW, 14, 15 and provides a "chirality filter" effect in which transverse walls with opposite core magnetization have different propagation fields. 15 Similarly to the field-driven case, current-driven DWs can exhibit breakdown-like behavior beyond a critical spin current density. Current-induced magnetization dynamics can be described by the phenomenological Landau-LifshitzGilbert (LLG) equation 16, 17 
where c is the gyromagnetic ratio, a is the Gilbert damping constant, M S is the saturation magnetization, and H eff is the effective magnetic field consisting of external, anisotropy, exchange, and magnetostatic fields. The term u (¼PJ e l B /eM S ) represents the magnitude of the spin current density, where P is the spin polarization, J e is the current density, and b parameterizes the nonadiabatic spin torque, which is related to spin relaxation or momentum transfer. Although the magnitude of b is predicted to be of the order of the damping constant a, its value is still controversial. [18] [19] [20] [21] [22] [23] Values of b ¼ a, 1 b ¼ 8a, 21, 23 and b ¼ 15a 19 have been suggested for permalloy. While the last two terms in the LLG equation describe current-induced DW motion, they also predict a distortion of the DW structure whenever b = a. In particular, the non-adiabatic spin torque term is responsible for an out-of-plane torque, resulting in a periodic transformation between transverse and vortex DW configurations at a critical value of u proportional to 1/jb À aj, and a drop in velocity if b > a. 16 The majority of studies of current-driven DW motion has considered the case of combined field and current parallel to the stripe in order to reduce the current densities needed to translate the DW. However, in "racetrack" devices based on the movement of multiple DWs, it is necessary to translate both head-to-head and tail-to-tail DWs with the same velocity. A scheme based on spin current without an applied field is, therefore, attractive, and there has been both experimental and computational work 1, 16, 18, 19, 24 on DW motion driven by current alone. However, there has been little work directed towards stabilizing DWs against currentinduced torques, nor on methods for chirality filtering in current-driven DW motion.
This article describes modeling results for currentdriven DW motion in a straight-edged magnetic stripe with overlaid non-magnetic current-shunting pads that give a periodic modulation in the magnitude of the spin current. The DW motion was computed by numerical solution of Eq. (1) using the object oriented micromagnetic framework (OOMMF). 25 The model consists of a Py nanowire 10 lm long with a rectangular cross section 140 nm wide and 10 nm thick. The dimensions of the unit cells were 5 Â 5 Â 10 nm breakdown at a moderate value of u. In this geometry, 180
transverse DWs with length of $120 nm were formed as the ground state boundary between domains magnetized parallel to the wire.
The spin current was modulated by adding currentshunting Au pads of 40 nm thickness onto the Py nanowire, labeled Type I in Fig. 1(a) . In this structure, the effects of Oersted field were minimized by placing Au layers symmetrically both above and underneath the Py nanowire. The additional influence of a periodic transverse Oersted field was investigated using an asymmetrical structure, Type II, in which 10 nm Au pads overlaid the top of the Py nanowire. The resistivity for the 10 nm thick Au layer, 40 nm thick Au layer, and 10 nm thick Py layer was taken as 12, 5, and 42 lX cm, respectively. 26, 27 Different lengths of the Au pads (l Au ) ranging from 100 nm to 300 nm and different lengths of the Py separating the Au pads (l Py ) ranging from 150 nm to 1350 nm were modeled.
Figs. 1(b) and 1(c) show the current distribution and the Oersted field calculated using a finite element model with 10 nm cell sizes for the part of the wire covered by the Au pads, in the case where the uncovered Py regions supported a current density of 7.14 Â 10 8 A/cm 2 , corresponding to a spin current velocity of u ¼ 200 m/s. The Au pads shunted the current and u decreased to 2.5 m/s in the Py under the Au for Type I geometry, and 28.5 m/s for Type II. Fig. 1(c) shows the Oersted field distribution at the cross section of an Au/Py region. The Oersted field in the Py was negligible for Type I but it reached 166 Oe in the transverse in-plane direction in Type II.
To provide a comparison with the heterostructured wires, we first model current-driven DW motion at zero applied field in an unpatterned Py nanowire without Au pads. Fig. 2(a) The internal structure of the moving DWs for u ¼ 200 m/s is shown in Fig. 2(d) for the unpatterned nanowire and in Fig. 2(e) for the wire with pads. As in the case of field-driven DWs, the unpatterned wire in Fig. 2(d) exhibited nucleation of an antivortex core which traversed the width of the wire to reverse the magnetization direction within the core of the DW. This process was repeated in the next cycle by nucleation of an antivortex at the other side of the wire with opposite out-of-plane component and direction of transverse motion. In contrast, the DW in the Type I Py nanowire, Fig. 2(e) , maintained its structure. Even though the DW velocity in the Au-covered regions was reduced, the retrograde motion was suppressed and the average velocity was enhanced because the reduction in u under the pads impeded the formation and movement of the antivortex.
The relation between hvi, u, and l Py is mapped in Fig.  3(a) for l Au ¼ 150 nm. The hvi was averaged for DW motion over a distance of 4 lm. The top panel shows the data for the unpatterned wire on the same scale. The data points for Fig.  3 were extracted from a set of calculations with intervals of 20 m/s in u and 40-60 nm in l Py , and discretized into color contour plots, leading to some discontinuities in the contours. For all l Py , hvi in the patterned wire initially increased with u to reach a maximum value hvi Max of 600-650 m/s, similar to the hvi Max for an unpatterned Py nanowire. As the Au pad spacing decreased, hvi Max increased slightly, and the value of u (i.e., u Max ) corresponding to hvi Max increased, showing that the pads enabled higher u to be applied prior to breakdown. A second maximum in hvi, hvi Max2 corresponded to the combination of u and l Py that suppressed every second transformation of the DW. The dashed lines superposed on Fig. 3(a) show the DW displacement (taken as the distance the DW moved before v reached its peak value) at which the first and second antivortex cores were introduced for an unpatterned Py nanowire. This indicates that the enhancement in hvi is greatest when the Au pads are placed at the positions where the antivortex core is introduced into the Py nanowire during DW motion.
Varying l Au from 100 to 300 nm for fixed l Py (not shown) indicated that hvi was higher when l Au was smaller. However, in order to prevent Walker breakdown l Au must be long enough to allow the antivortex core that formed in the l Py regions to return to the edge of the wire and be eliminated; therefore, there is an optimum l Au to maximize hvi. For a given u, when l Py was longer, the antivortex core moved further across the wire before reaching the Aucovered region, so a longer l Au was required to remove the 2012) core and suppress breakdown. The maximum average velocity hvi Max was obtained when l Py $ 2l Au , but hvi Max decreased slowly as l Py and l Au increased. These results show that the Au pads can delay the onset of breakdown, allowing higher current to flow before breakdown initiates, but the DW velocity at which breakdown occurs is similar to the velocity in a wire without pads. For u smaller than the value that causes breakdown in an unpatterned wire, the DW will travel faster in the unpatterned wire, but for higher u, the DW travels faster in the heterostructured wire.
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We now consider the effect of the Oersted field by examining Type II structures. The Oersted field is oriented in plane transverse to the wire length with a small out-of-plane component increasing towards the wire edges. In Type II geometry, the maximum Oersted field inside the capped region of the Py nanowire increased linearly as a function of u, reaching 250 Oe transverse to the wire at u ¼ 300 m/s. Fig. 3 (b) shows a map analogous to Fig. 3(a) for the Type II structure in which hvi is plotted as a function of l Py and u for l Au ¼ 100 nm, for the case when the magnetization at the center of the DW was parallel to the Oersted field. The map shows some similarities to Fig. 3(a) , but outside the band of high hvi the velocity is zero over much of the parameter space. At low u and l Py (e.g., the region u < 80 m/s in Fig. 3(b) ), the DW became trapped under the Au pad by the field, and hvi ¼ 0. The maximum hvi in the band of non-zero velocity corresponded to the situation where an antivortex had been introduced in the DW just before it reached the pad, and the DW was then able to traverse the region of Py under the pad. At higher u and/or l Py , the DW had transformed into a transverse wall with its center magnetization antiparallel to the Oersted field before it reached the Au pad, and it became trapped at the leading edge of the pad, giving another region of hvi ¼ 0. (An increase in b promoted the evolution of the antivortex and lowered the value of l Py corresponding to these situations.)
In the case of antiparallel orientation between the center of the DW and the Oersted field, Fig. 3(c) , the DW became pinned at the leading edge of the Au pad and hvi was zero over most of the parameter space. A magnetic field antiparallel to the magnetization at the center of the DW is known to lower the DW velocity [28] [29] [30] [31] and this, combined with the drop in u caused by current shunting, prevented the DW from passing under the pad for most combinations of l Py and u. A non-zero hvi was obtained when an antivortex nucleated shortly before the DW encountered the pad.
The different responses of the DW to an Oersted field parallel or antiparallel to the magnetization at the center of the DW allows the structure to act as a chirality filter for DWs, by selecting geometrical parameters and u values that pin one DW chirality while allowing the other DW chirality to be transmitted. This has an analogy to the cross-shaped chirality filter of Ref. 15 demonstrated for field-driven DW propagation, but in our case the design of the Au pads allows simultaneous control over both the Oersted field and the spin current in the magnetic wire for current-driven DW motion, while having no effect on field-driven DW motion.
The chirality filter effect can be generalized to other values of Oersted field and u by allowing the Au thickness to vary on each side of the Py wire. When all the Au is on one side of the Py, the Oersted field takes a maximum value, H o , for a given u, as exemplified by Type II, whereas when the Au is of equal thickness on each side of the Py, the Oersted field is zero, as in Type I. Therefore, values of Oersted field in the range 6H o can be obtained by varying the thickness distribution of the Au. Additionally, the amount of current shunted by the Au and the magnitude of H o can be changed by changing the total Au thickness. Fig. 4 shows the DW velocity for the case where u ¼ 160 m/s in the uncapped Py and l Py ¼ l Au ¼ 100 nm for the full range of Oersted fields and current shunt fractions that can be obtained by independently varying the Au thickness between 0 and 10 nm on each side of the Py. The maximum Oersted field is H o ¼ 130 Oe for this geometry when u ¼ 160 m/s. There is a robust range of conditions in which a DW with core parallel to the Oersted field is transmitted, whereas a DW of opposite chirality is blocked (white region, with zero velocity). This result allows for a straightforward design of a chirality filter for current-driven DW motion simply by placing a thin conductive strip on the magnetic wire to shunt the current, without affecting the coercivity of the wire or the response of the DW to a magnetic field along the wire.
These computational results show that Walker breakdown of a current-driven transverse DW can be delayed to higher values of spin current by the placement of conductive shunt pads which locally reduce the spin current density with no effect on field-driven DW motion. The Oersted field present in asymmetrically shunted wires provides a DW chirality filtering effect. Suppression of oscillatory transformations of DWs is advantageous for DW devices such as racetrack memories or logic, and the interplay between the geometry of the shunt pads, the current density, and the DW velocity enables control over DW motion which can be implemented experimentally.
